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Abstract
Mars science satellites often perform orbit changes to obtain different measurements, ground tracks or relay
operations. Large reductions in semi-major axis and eccentricity can be done efficiently using the atmospheric
drag, a.k.a aerobrake. Aerobraking is one of the most challenging planetary orbit maneuvers in terms of
planning and operations. The most important consideration for aerobraking is maintaining the spacecraft’s
periapsis within an allocated atmospheric density corridor, which is accomplished by raising or lowering
periapsis through one or a series of very small and short maneuvers. These maneuvers must be performed
as efficiently as possible due to propellant constraints. Work herein details a fast and accurate method
to calculate the required impulsive velocity changes in the orbit to guarantee that the spacecraft remains
in a prescribed density corridor. The method makes use of the orbit’s state transition matrix to map the
solution space around the reference orbit. It evaluates the most efficient maneuver epochs to target a given
periapsis change with a linear optimal control for single or multiple maneuvers. A fast calculation of the
maneuver allows for a more comprehensive evaluation of the trade space, and the selected maneuver may
be re-targeted later with a higher-fidelity model. Comparisons against fully propagated models and direct
method optimizations demonstrate the new method’s performance.
1. Introduction
Aerobraking is the process of using high atmo-
spheric drag, together with maneuvers made by an
attitude control system, to change a spacecraft’s or-
bit.1 Generally, the atmospheric brake is used to de-
crease apoapsis without relying exclusively on propel-
lant. However, chemical maneuvers are necessary to
keep the spacecraft in an allowed density atmospheric
corridor, in which the changes to the orbit are accept-
able. The chemical maneuvers are short enough and
small enough that they may be considered impulsive.
Due to the ever diminishing quantity of propellant re-
maining in the spacecraft, the maneuvers need to be
as efficient as possible in order to maximize the mis-
sion’s operational lifetime. Another important fac-
tor for the evaluation of an aerobrake scheme is the
planetary environment through which the spacecraft
will go, which defines the density profile. Particu-
larly, Mars is the focus of this study. Several factors
affect the Martian atmospheric density, which has a
complex evolution with variations coming from So-
lar cycles, Martian albedo and seasons, as well as
atmospheric winds and dust storms. The range that
defines the mission’s density corridor incorporate fac-
tors such as maximum structural acceleration given
by the drag force acting on the vehicle, and the ve-
locity changes that would result in an orbit escape or
entry.
Aerobrake maneuver schemes are challenging for
many reasons. Perhaps the most important from a
flight dynamics perspective is the need to accurately
account for orbital perturbations. Particularly for
Martian missions, higher-order gravitational pertur-
bations, perturbing gravitating third bodies and at-
mospheric drag must all be accounted for in order to
accurately predict the evolution of the spacecraft’s
orbit. Moreover, the inclusion of drag effects requires
consideration of the spacecraft’s attitude and the dy-
namics of the Martian atmosphere, which adds con-
siderable complexity to the problem’s modeling.
A method to calculate an optimal aerobrake ma-
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neuver scheme that minimizes the propellant con-
sumption is the main goal of this study. Herein, the
impulsive maneuvers are targeted to keep the orbit’s
periapsis within the defined density corridor. The
proposed method uses the spacecraft orbit’s state
transition matrix (STM), propagated with several
perturbation models, to evaluate the stability of the
spacecraft’s final position with respect to the velocity
throughout the trajectory. The most unstable points
within the trajectory define the most efficient ma-
neuver timings to change the final position; however,
these points may not necessarily be in the desired
direction (periapsis in this case). Nevertheless, this
region of the orbit is generally known for most cases
because perturbations are small and corrections fre-
quent - making the orbit quasi-Keplerian within these
regions. For maneuvers that raise or lower the peri-
apsis, as is the case for aerobrake, these multiple rev-
olution orbits with small second-order perturbations
will have the most efficient maneuver point at or very
near the apoapsis. Once the number and time of the
impulses are defined, a linear optimal control policy
is derived using the STM.2 This strategy defines the
optimal direction and magnitude of each impulse to
target the desired orbital parameters.
The Mars Atmosphere and Volatile EvolutioN
(MAVEN) mission, currently in orbit around Mars,
is used here as an example for the method’s applica-
tion.3 The spacecraft routinely performs deep dives
in the Martian atmosphere to gather atmospheric sci-
ence data, making it a suitable test case.
Section 2 details the aerobrake scheme, including
the dynamic model used in this paper. Section 3
describes the method used in this work, detailing the
mathematics behind it. An example of the mission’s
aerobrake scenario is shown in Section 4.
2. Problem Modeling
Aerobrake analysis primarily involves maneuver
design and operational verification. This analysis is
currently centered on the use of high-fidelity prop-
agators employed for all mission maneuvers. These
are typically slow in computing a single solution and
are not suitable for large scale trade studies or large
Monte Carlo runs. The method developed in this
study aims to improve the computational speed in
analyses that trade multiple solutions as a first un-
derstanding of the scenario which informs the high-
fidelity tools. In addition, it helps to establish orbit
designs and procedures for the mission’s aerobrake
support models. It is, however, important to comply
with high-fidelity operational modeling for accuracy
with a fast computation time. The goal is to allow
the analysis of numerous aerobrake maneuver plans
to minimize the propellant usage and provide various
operational scenarios, such as to be proactive and
permit quick assessment of aerobrake maintenance
options, contingencies, variations in maneuver plans,
minimal maneuvers, maneuver timing, multiple ma-
neuvers, etc.
To model the dynamics of a satellite around Mars,
it is necessary to consider the main forces affecting
its motion. In this paper, the following are consid-
ered: (a) the gravity field of Mars using the Mars-50C
harmonics up to degree and order 50;4 (b) the atmo-
spheric drag using Mars GRAM-2005;5 (c) the solar
radiation pressure (SRP) using the cannonball model
(spacecraft’s attitude evaluation is out of the scope
of this work); and, (d) the point mass gravity pertur-
bations from the Sun, Jupiter, Phobos and Deimos.
State propagation is performed using the General
Mission Analysis Tool (GMAT).6 GMAT is an open-
source tool for space mission design and navigation
that has been developed at NASA Goddard Space
Flight Center. The tool enables trajectory optimiza-
tion and mission design regimes ranging from low
Earth orbit to lunar applications, interplanetary tra-
jectories and other deep space missions. Two of this
tool’s capabilities are of particular interest here: easy,
flexible computation of trajectories around Mars us-
ing high-fidelity force models and the ability to gen-
erate the STM through the propagation of the vari-
ational equations.7 This propagation of the STM
using a high-fidelity model allows for mapping the
region around a reference orbit with a good represen-
tation of the second-order effects already described
above. While this study uses GMAT, the method-
ology presented in this paper is independent of the
force-model and numerical integration tools. As long
as the reference orbit and the STM are provided, the
methodology presented here can be applied.
3. Aerobrake and Maneuver Models
The aerobrake analysis proposed here combines
the computation of a reference orbit and a high-
fidelity propagated STM associated with this orbit.
These are used in a targeting scheme that is able
to minimize the propellant with single or multiple
maneuvers. In this section, different parts of the
methodology are presented.
3.1 Problem Base Formulation
To fix notation, let x˙ = f(t,x) be the equations
of motion for the force model, where x = [r,v] is
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a 6 × 1 vector. In order to compute the trajectory
and its associated STM from the force model’s Jaco-
bian matrix, it is necessary to integrate the extended
system:
x˙(t) = f(t,x(t)), x(t0) = x0,
Φ˙(t) = AΦ(t), Φ(t0) = I6×6,
[1]
where t0 is the initial epoch, x0 is the initial state,
A = Dfx is the Jacobian of the force model and I6×6
is the 6× 6 identity matrix.
Let ϕt(t0,x0) be the flow associated to the equa-
tions of motion8 (i.e. the solution at time t for an
initial condition t = t0 and x = x0). For simplicity,
ϕ0(t) = ϕt(t0,x0).
The satellite states at final epoch tf are given
by ϕ0(tf ) and the associated STM by Φ(tf , t0) =
Φ(tf , (t0,x0)). If x1 is an initial condition close to
x0, a first-order Taylor approximation can be made:
ϕ1(tf ) ≈ ϕ0(tf ) + Φ(tf , t0)(x1 − x0), [2]
where ϕ1(tf ) represents the spacecraft’s states at t =
tf starting at t = t0 and x = x1. This equation maps
first-order variations in the initial state to the state
at tf . In this study, this equation is used to map the
effects of ∆v maneuvers.
3.2 Single Impulsive Maneuver
As mentioned previously, an aerobraking space-
craft’s periapsis needs to be kept within a given den-
sity corridor due to operational, thermal and struc-
tural constraints to take advantage of the atmo-
spheric drag to lower its apoapsis without putting
the vehicle at risk. Therefore, each time the satellite
moves out of this corridor, or is about to, a ∆v ma-
neuver is performed to raise or lower the periapsis,
placing it back inside the allowed density range. Pre-
computing a reference orbit and its STM facilitates
a fast calculation of these various possible ∆v’s, al-
lowing a trade study between the propellant cost and
maneuver epoch.
Let δxf = ϕ1(tf )−ϕ0(tf ) be the final displacement
between two orbits and δxi = ϕ1(ti)−ϕ0(ti) its initial
difference. Equation 2 can be rewritten as
δxf = Φ(tf , ti)δxi, [3]
where δxTi = (∅1×3,∆vT ) and δxTf = (δrTf , δvTf ).
The solution of Eq. 3 results in the required ∆v to
change the spacecraft’s final states. Given that the
only constraint imposed is a change in the orbit ra-
dius, δrf , this simplifies the problem to solving a 3×3
linear system:
∆v = Φ−1RV δrf , [4]
where
Φ(tf , ti) =
[
ΦRR ΦRV
ΦV R ΦV V
]
. [5]
Hence, having computed the STM throughout a
full trajectory, a quick analysis can be done by solving
Eq. 4 for the different points in the trajectory. This
provides a relation between the maneuver epoch and
the ||∆v|| cost for a given change in the final position,
δrf .
3.3 Multiple Impulsive Maneuvers
In order to analyze multiple maneuvers along the
trajectory, a similar approach as before can be de-
rived. Given a set of epochs along the reference tra-
jectory, {t1, . . . , tn}, where the maneuvers are to be
placed (Fig. 1), an optimal multiple maneuver scheme
can be derived utilizing the linear regime mapped by
the STM.2
Fig. 1: Multiple-impulse maneuver scheme
Let δxTf =
[
δrTf , δv
T
f
]
be the final deviation from
the reference orbit at periapsis. If {∆v1, . . . ,∆vn} is
a set of maneuvers applied at epochs {t1, . . . , tn}, a
linear approximation of the final deviation from the
reference orbit can be calculated as:[
δrf
δvf
]
= Φ (tf , tn)
[ ∅3×1
∆vn
]
+
+ · · · + Φ (tf , t1)
[ ∅3×1
∆v1
]
.
[6]
As the only condition imposed is a final position
state change, δrf , the above equation can be ex-
pressed as:
δrf = [ΦRV (tf , tn) · · · ΦRV (tf , t1)]
 ∆vn...
∆v1
 . [7]
The under-determined linear system (more unknowns
than equations, has no unique solution) given by
Eq. 7 can be solved by finding the solution that min-
imizes a certain cost function. For simplicity, this
equation can be expressed as
δrf = Φ¯∆v¯→ δrf − Φ¯∆v¯ = 0, [8]
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and used to augment the cost function representing
the square magnitude of control,
J =
1
2
n∑
i=1
‖∆vi‖2 . [9]
To find the solution of Eq. 8 that minimizes Eq. 9,
it is necessary to find the extremals of the functional:
J¯ =
1
2
∆v¯T∆v¯+ λT
(
δrf − Φ¯∆v¯
)
. [10]
Following reference,2 the solution that minimizes the
above equation satisfies,
∆v¯ = Φ¯t
(
Φ¯Φ¯t
)−1
δrf . [11]
Equation 11 can be evaluated for various sets of
epochs in order to compare different scenarios for n
impulsive maneuvers with their the total ∆v cost.
Therefore, to find the set of ∆v¯ = [∆v1, . . . ,∆vn]
resulting for each set of epochs {t1, . . . , tn} it is only
necessary to evaluate Eq. 11, which can be done effi-
ciently. There is no integration required to solve this
system as the STM has been precomputed before the
trade analysis is performed, allowing great flexibility
comparing different maneuver options in an efficient
way.
3.4 Periapsis Poincare´ Map
In the two previous sections, the linear approxi-
mation of the flow (i.e., the STM) was used to find
the required ∆v for a given final position displace-
ment. Recall that the STM measures the orbital dis-
placement in time, but it does not guarantee the final
position is a periapsis. In fact, after the maneuver
is performed, the orbit period changes and the final
point will, most likely, no longer be the periapsis.
The exception would be if the point being targeted
coincides with the periapsis after the maneuver; such
conditions can only be found after the maneuver is
calculated. Therefore, further constraints need to be
applied in order to guarantee that the desired change
is in fact at the periapsis after the maneuver. For this
goal, the periapsis Poincare´ map is introduced.
Let P (t,x) = ϕT (x)(t,x) be the periapsis-map, i.e.
a map that takes an initial state (t0,x0) to the final
state xf = P (t0,x0) such that xf is a periapsis with
T (x0) being the time required to reach it. A point
x = (r,v) along an orbit is a periapsis if it satisfies:
{(r,v) | 〈r,v〉 = 0, 〈r˙, v˙〉 ≥ 0}.
The Poincare´ map P (t,x) and its differential DPx
can be computed numerically: P (t,x) by integrating
the trajectory until the desired periapsis is reached;
and DPx by performing a simple correction to the
classical STM:
DPx(x) = −f(P (x))DT (x) +DϕT (x)(x), [12]
DT (x) =
Dg(P (x))DϕT (x)(x)
Dg(P (x))f(P (x))
, [13]
where DT (x) is the time derivative to reach the
Poincare´ section, P (x) represents the image of the pe-
riapsis Poincare´ map P (t,x), DϕT (x)(x) is the STM
for x at the time it reaches periapsis, f(x) is the
equation representing the force model (x˙ = f(x)) and
g(x) = 〈r,v〉 is the equation representing the surface
of section with Dg representing its derivative.
As in Eq. 2, the first-order approximation of the
points in the periapsis-map is given by:
P (x1) ≈ P (x0) +DPx(x0)(x1 − x0). [14]
Hence, to find the ∆v that will change the position
of the periapsis by δrf , it is necessary to solve the
linear system:
δrf = ΠRV ∆v, [15]
where
DPx(x) =
[
ΠRR ΠRV
ΠV R ΠV V
]
. [16]
Using ΠRV in Eqs. 4 and 11 instead of ΦRV ensures
that the ∆v’s found change the position of the final
periapsis by δrf and that rnew = rf + δrf is also a
periapsis.
3.5 Periapsis Targeting
In Sections 3.2 and 3.3, a new approach on how
to find a ∆v to change the final periapsis by δrf was
discussed. This can be done by simply solving a linear
system (Eq. 4 and Eq. 11).
The constraint for aerobraking is to keep the pe-
riapsis at a certain density corridor, hence a range of
periapsis altitudes. As the density profile with, for
example, Mars GRAM-2005 is mapped around the
planet’s coordinates, the periapsis altitude at a par-
ticular epoch can always be related to the density.
However, the procedure described above solves a lin-
ear system to target a specific new periapsis location.
In order to find the optimal maneuver, it is needed
to define a set of periapsis locations at the same al-
titude, and find the maneuver with minimum ∆v. A
gradient based search method is applied to find this
minimum (SNOPT11 is used here).
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The periapsis change is parameterized using spher-
ical coordinates: two angles (α, β) and an altitude
(Rp):
δrf (Rp, α, β) = Rp (cosβ cosα rˆ+ cosβ sinα vˆ
+ sinβ hˆ
)
− rf ,
[17]
where rf is the periapsis vector with rˆ = rp/||rp||
being its direction, vˆ = vp/||vp|| is the periapsis nor-
malized velocity, and hˆ = rp×vp/||rp×vp|| completes
the right-handed set of coordinate axes, Fig. 2.
Fig. 2: Periapsis target
Notice that for a given α, β, if ΠRV has full rank,
there exists a unique ∆v that satisfies Eq. 4 in the
case of a single impulse maneuver, and Eq. 11 in the
case of multiple maneuvers. Then SNOPT will find
the optimal solution α∗, β∗ that satisfies Eq. 4 or
Eq. 11 (depending on the case) and minimizes ||∆v||2.
Not fixing the final periapsis location and letting the
optimizer find it enables the tool to locate the optimal
transfer; accounting for all the secondary effects that
alter the orbital parameters.
As an example, an elliptic orbit around Mars is
considered, whose orbital parameters are summarized
in Tab. 1. The reference orbit and its STM have been
computed up to the periapsis passage that happens
14 days after the starting point. For each point along
the orbit, the required ∆v (single maneuver) neces-
sary to raise the final periapsis back to its initial al-
titude is computed; for this example a 5.65 km raise
is required.
The top plot in Fig. 3 shows the altitude change
over time for the first 2 days. The bottom plot shows
the evolution of the ||∆v|| required to raise the pe-
riapsis: unconstrained location (min. ||∆v||) in red
and along rˆ (i.e α = 0, β = 0 on Eq. 17) in blue. No-
tice how the minimum ||∆v|| correspond to perform-
ing the maneuver at apoapsis. Moreover, a change
along the same line of the periapsis can result in large
maneuvers. In order to illustrate this, Fig. 4 shows
the surface sections of ||∆v|| as a function of the an-
gles α, β ∈ [−2.5◦, 2.5◦] in Eq. 17, at four different
locations along the orbit (highlighted with a black
dot on the top plot of Fig. 3). Close to the apoapsis
(in plot, points a and b), the location of the minimum
||∆v|| is close to α = β = 0, while in other cases (in
plot, points c and d), the location of this minimum is
slightly displaced. Moreover, looking at b and d, the
slope of the function is very steep, resulting on large
||∆v|| for small changes on the target periapsis.
Fig. 3: Top: Distance to Mars over time. Bottom:
∆v cost of maneuver over time.
Fig. 4: Contour levels of the required ||∆v|| to raise
periapsis as a function of the angles α, β.
3.6 Event Epoch Correction
Recall that when solving for multiple impulsive
maneuvers, after the first maneuver, the time of pas-
sage by the apses is shifted. Because these shifts are
very small, the linear approximation to do the full
analysis still holds. Nevertheless, when simulating
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the sequence of maneuvers, the apoapsis epoch has
to be changed, as illustrated in Fig. 5.
Fig. 5: Orbit change due to maneuver
Using the same formulation as for the peripasis-
map (Section 3.4), the apoapsis-map can be defined
and a first-order approximation of the new time of
passage by apses can be numerically estimated. Let
Ta(xi) be the apsis epoch for a state xi = (ri,vi).
When a ∆v maneuver is performed, Ta (x0 + h) is
the new apsis epoch where h = (0,∆v). Equation 13
can estimate, up to first order, the new apsis epoch:
Ta (x0 + h) = Ta (x0) +DTa (x0)h.
4. Method Evaluation
As an example of aerobrake design and the tool
usage, the MAVEN mission is selected because it is
currently an operational mission that regularly per-
forms atmospheric deep dips. MAVEN was designed
to determine the role that loss of volatiles from the
Mars atmosphere to space has played through time,
giving insight into the history of Mars’ atmosphere
and climate, liquid water, and planetary habitabil-
ity.9 To the current date, the MAVEN spacecraft has
been orbiting Mars for four years in a highly-inclined
and highly-elliptic orbit.10 As part of the proposed
extended relay mission, an apoapsis decrease is re-
quired to place the spacecraft in a safe stable orbit
(lower orbits are more efficient for relay operations).
Fig. 6 shows the spacecraft’s orbit in a Mars J2000
equatorial reference frame propagated for approxi-
mately 14 days. The mission trajectory’s epoch and
orbital elements are given in Tab. 1. MAVEN is
in quasi-Keplerian orbit, meaning that perturbations
are small enough to render the orbit close to invari-
ant. During aerobrake, changes are mainly at the
apoapsis altitude, while the other orbital elements re-
main close to their original values during the 14 days
under consideration.
A simple analysis of the eigenvalues associated
with the second quadrant of the STM (ΦRV ) shows
that the stability of the final position (in this case,
Fig. 6: MAVEN’s propagated orbit
periapsis) with respect to the velocity,
∂rf
∂vi
, degrades
close to the apoapsis (see Fig. 7). Unstable regions
mean that a change in velocity at this point will re-
sult in a greater change at the final position. How-
ever, a simple stability check does not guarantee the
best point for an optimal maneuver at a specific an-
gle nor the correct change in the periapsis direction.
To find such conditions, a single maneuver change
can be applied throughout the trajectory, analyzing
the points with the lowest ∆v requirements. As was
shown in the previous sections, (e.g. Fig. 3), the or-
Table 1: MAVEN spacecraft’s parameters
Epoch UTC 15 Oct 2017 15:50:00.000
Semi-major axis 6501.987 km
Eccentricity 0.459
Inclination 103.759◦
Arg. of periapsis 0.339◦
RAAN 9.553◦
True anomaly 217.080◦
Wet mass 757.00 kg
Drag coefficient (CD) 2.20
Drag Area 26.54 m2
SRP coefficient (CR) 2.00
SRP Area 20.00 m2
*Mars J2000 equatorial reference frame
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bit’s apoapsides are the most efficient points to apply
the maneuvers.
Fig. 7: Eigenvalues of
∂rf
∂vi
The method developed here is used to generate
different sets of solutions. For the comparison in this
section, a more challenging result with four impulses
is selected. The results are displayed in Fig. 8, with
the lowest ∆v selected having a total of 0.823 m/s
for a periapsis raise of 5.6547 km. The characteris-
tics of each individual impulse are shown in Tab. 2.
Two comparisons are then performed: (a) same ma-
neuvers at the same time propagated in high-fidelity;
and (b) same maneuvers used as an initial guess for
an optimization problem to minimize the use of pro-
pellant.
Fig. 8: Multiple impulse analysis
4.1 Hight-Fidelity Propagation Comparison
The first assessment of the method is in the accu-
racy of the solution. Recall that the linear approxi-
mation has been used to find a set of maneuvers to
reach a specific periapsis. In this section, the best
four-impulse solution described above is compared
against the result of the same maneuvers at the same
epochs propagated with a high-fidelity model. The
maneuvers as well as their epochs from 15 Oct 2017
used in the propagation are outlined in Tab. 2.
Table 2: Maneuvers in high-fidelity
Epoch ∆vx ∆vy ∆vz ‖∆vx‖
(s) (m/s) (m/s) (m/s) (m/s)
12386 -7.441e-03 4.887e-02 -0.201 0.207
28310 -8.069e-03 4.849e-02 -0.200 0.206
44231 -8.561e-03 4.807e-02 -0.200 0.205
60154 -9.157e-03 4.760e-02 -0.199 0.205
The propagation result shows that the ∆v calcu-
lated linearly can in fact reach 5.2973 km after 14
days, which, therefore, gives an error of 0.35645 km.
A 6% error is considered reasonable given that the
STM quality degrades over time, and, for operational
purposes, 14 days is about double the amount of time
that a maneuver operation would take place. Granted
that it is not necessarily a linear relation between
time and accuracy, a 7 days periapsis change (rather
than 14 days) would have a considerably smaller er-
ror.
4.2 Optimization Comparison
In the second comparison, a direct method opti-
mizer (DMO) is used to generate the solution given
by the linear method. The gradient based optimizer
used here is SNOPT, a sequential quadratic program-
ing algorithm.11
The problem is set up as a plain single forward
shooting problem that, though not the most efficient
transcription, is enough to reach an optimal solution
in a feasible amount of time to allow a comparison of
the results. Table 3 shows the optimal solution calcu-
lated with the high-fidelity model, the linear method,
and their differences. The optimization finished suc-
cessfully with four major iterations and a maximum
of four minor iterations and reached an optimality
tolerance of 4.8× 10−7 (normalized units).
Results outline that the linear method correctly
calculated the maneuvers with 10−2 m/s accuracy.
The gradient-based optimizer had difficulty in finding
the maneuver epochs as it can be seen by the fact
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Table 3: Comparison of direct method optimization
and linear method solutions
DMO Linear Difference
∆v1 (m/s) 0.220 0.207 0.0137
Epoch (s) 12386.219 12386.219 0.0
∆v2 (m/s) 0.219 0.206 0.0125
Epoch (s) 28310.328 28310.328 0.0
∆v3 (m/s) 0.219 0.205 0.0136
Epoch (s) 44231.305 44231.305 0.0
∆v4 (m/s) 0.218 0.205 0.013
Epoch (s) 60161.579 60153.524 8.052
Total ∆v (m/s) 0.876 0.823 0.053
Periapsis (km) 3521.386 3521.389 2.461 m
Epoch (s) 1190515.179 1192750.252 37.251 min
that the epoch of the first three maneuvers are zero.
This result particularly shows the importance of the
method developed here to search and trade among the
different maneuvers’ epochs. It is worth noticing that
this single optimization with DMO in high-fidelity
took multiple hours, while a full set of linear solutions
were calculated in less than 5 seconds.
5. Aerobrake Campaign Example
Earlier sections demonstrated how the method
compares with the propagated solutions, which are
generally how solutions are generated for missions.
However, in this section, two tool usage tests are
shown. First, a trade study is performed for a tar-
geted change in the periapsis with up to four ma-
neuvers, and considering all possible combinations of
apoapsis for their epochs. Second, for a given set of
maneuver epochs, an example explores how a change
in the periapsis altitude affects later apoapsis decay.
In this example, the maneuver’s epochs can be se-
lected by the trade study or a fixed given set of epochs
(for example, the communication link periods).
5.1 Trade study
A set of solutions is generated for this orbit. The
problem is set to raise the orbit’s final periapsis by
5.6547 km using 1, 2, 3 or 4 maneuvers applied at
the different apoapsides. It also includes the associ-
ated position error due to incorrect execution time
and the ∆v change required to correct for such error.
Fig. 9 shows the aforementioned trade study on the
number of impulsive maneuvers with the total ∆v for
each case in the y-axis and the sum of the execution
epochs in the x-axis. A single maneuver at the very
first apoapsis is the most efficient way to change the
periapsis; however, it is also the most prone to errors
as the entire chance is made at a single point. Four
maneuvers, although slightly more expensive, allow
the total error to be spread among all the points.
In terms of operations, more maneuvers can poten-
tially be more attractive as modeling or even execu-
tion errors can be later corrected by the subsequent
∆v’s given that orbit determination will be done in
between maneuvers. Due to this, the cheapest four
impulsive solution is selected for the following error
analysis.
Fig. 9: Multiple impulse analysis
The position error due to an early or late maneu-
ver execution, Fig. 10, shows, for example, a position
error of up to 120 meters within a range of 200 sec-
onds execution time error. If, on the other hand, the
mission is aware that the delay will happen, the ∆v
required at the same time to reach the correct change
in the periapsis, Fig. 11, varies on the order of mil-
limeters per second for the 200-seconds range.
Fig. 10: Position error due to delayed execution time
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Fig. 11: The ∆v correction due to delayed execution
time
5.2 Apoapsis Decay
Another important consideration for planning pur-
poses is the rate at which apoapsis decays for different
periapsis targets. After all, this is the main objective
of an aerobrake. For this example, a single maneu-
ver is selected to be executed in one of the apoap-
sides to raise the periapsis 3.269 days after the initial
epoch. All the apoapsides before the targeted periap-
sis are included in the trade study. Eleven different
δr’s ranging from 0.1 km to 5.1 km with increments
of 0.5 km are targeted starting at the different apoap-
sides. After the maneuver is performed and the peri-
apsis is changed, the apoapsis evolution is calculated
using the apoapsis-map STM.
Fig. 12 shows in the left plot the apoapsis decay
with respect to the planet’s surface; different colors
indicate the result given by the different targeted
points in the periapsis. The target points and the
rate of decay are more clear on the right plot. In the
right-hand plot each color, i.e. periapsis point, has
several lines corresponding to the different ∆v’s used
to target the point. These ∆v requirements became
more clear in Fig. 13, where a third axis is added in
which the total ∆v of each solution is outlined.
These plots outline the trade-off between decay
rate and the required ||∆v|| to reach a particular pe-
riapsis altitude. Note that the lower the periapsis is
the higher the apoapsis decay rate is.
6. Conclusions
Aerobrake maneuvers require precision and fast
turnaround for maneuver planning. The atmospheric
brake is generally combined with small chemical ma-
Fig. 12: Apoapsis decay from single ∆v maneuver
Fig. 13: Apoapsis decay from single ∆v maneuver
with magnitudes
neuvers targeted to alter the periapsis to keep it
within a given density range, which originates from
mission constraints. This paper presents an alterna-
tive method to perform trade studies between maneu-
ver executions to re-target the orbit periapsis, using
only a reference orbit propagated on a high-fidelity
model and its STM. The main advantage of using a
reference orbit and its STM is that one can compute
the required set of ∆v’s to change the periapsis al-
titude by simply solving a linear system facilitating
fast solutions for large studies that would typically
require long simulations with high-fidelity models.
Several tests are presented to check the fidelity of
the results and the ability of the developed method-
ology to find optimal solutions. Results show an av-
erage of 0.081% error per orbit on the altitude pre-
diction with an accumulated 6% error over 74 orbital
revolutions, which is remarkable considering that the
computations where done on a 14-day propagation.
Finally, an aerobrake campaign for MAVEN has
been analyzed as an example to show the versatility
of the approach. A trade study between 1, 2, 3, and
4 impulsive maneuvers was analyzed for a reference
trajectory of 14 days around Mars. Apart from com-
paring the cost of changing the periapsis between the
different cases, an analysis on the execution error is
presented. Furthermore, the trade in the ∆v and pe-
riapsis target that result in different apoapsis decay
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rates is analyzed.
The method developed for this study has shown to
reasonably predict the optimal aerobrake maneuvers
(time, direction and magnitude) when compared to a
direct optimization method with high-fidelity orbital
perturbations. Its software implementation permits
orders-magnitude faster calculation, allowing it to be
used in large searches, such as grid and Monte Carlo.
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